INTRODUCTION
In his seminal ''Introduction to the Study of Experimental Medicine'' published in 1860, Claude Bernard stressed the necessity for animal experimentation in order to improve the comprehension of human physiology and pathology. He nevertheless anticipated difficulties due to differences in disease susceptibility between humans and animals and suggested to combine animal models to delineate predisposing factors. Interestingly, gluten-sensitive enteropathy is not a disease restricted to genetically predisposed humans but it has also been described in Irish Setters, in Rhesus macaque monkeys, and even in horses (reviewed in ref. 1 ). Yet, the disease that affects dogs is independent of major histocompatibility complex (MHC) class II genes, the main risk factor for celiac disease (CD) in humans, and the contribution of MHC is unknown in monkeys and horses. 1 Moreover, experimental studies in such models are limited for practical and ethical reasons. Therefore, most attempts to build an animal model have been conducted in mice and, recently, in genetically modified mice harboring the risk factors for human CD. Herein, we review how approaches in rodents have provided insight into the complex immunological jigsaw of CD pathophysiology. We also highlight the difficulties met to fully recapitulate human CD and to design a pertinent model that could be used to test innovative therapies, much needed to alleviate the burden of a life-long gluten-free diet or to treat severe cases that have become refractory to diet.
Pioneering studies in wild-type rodent models
Typical histological lesions of CD include villous flattening, crypt hyperplasia, and intraepithelial lymphocyte (IEL) infiltration of the proximal intestine. Anne Ferguson was the first in the mid 1970s to point out similarities between intestinal injury in CD and in mouse models of intestinal allograft rejection or of graft vs. host reaction. Henceforth, she suggested a major role for T cell-mediated immunity in CD pathogenesis 2, 3 and examined whether the unusual characteristics of gluten proteins (see Box 1) , notably the suggested lectin-like properties of gliadins, influenced the outcome of immune responses. With R Troncone, 2 she showed that a single feed with gliadins or 1-week-long diet with gluten-containing chow was sufficient to inhibit immunoglobulin G (IgG) antibody responses and systemic delayed hypersensitivity in response to parenteral immunization with gliadin compared with mice maintained on gluten-free diet (see Table 1 ). The conclusion of this work was therefore that ''gliadins are not a particular class of proteins abnormally handled by the gut, and can induce oral tolerance similarly to other dietary proteins such as soluble egg or milk proteins.'' 4 As for other dietary proteins, the age at the time of gluten introduction was critical. Whereas pups exposed to gluten after weaning developed oral tolerance, suckling pups fed by mothers on a gluten-containing diet developed systemic immune responses to gluten 2 (see Table 1 ). Yet, the lack of intestinal lesions even after systemic immunization and subsequent feeding with gliadin 2 suggested that mucosal tolerance developed despite the systemic immune response 1 against gliadin ( Table 1 ). In contrast, Stepankova et al. 5 observed villous blunting, crypt hyperplasia, and expansion of CD8 þ TCRab þ IELs in young germ-free rats administered gliadin intragastrically from birth until day 63. An enteropathy was also induced in conventionally raised neonate rats when combining gluten gavage, feeding with artificial milk, and intraperitoneal injection of interferon-g (IFNg) 6 ( Table 1) . Overall, these data indicate that dietary gluten generally leads, alike other dietary proteins, to systemic and mucosal tolerance. At a very young age, factors such as amount of gluten, components present in breast milk, inflammatory cytokines produced in response to infections, and perhaps the microbiota might influence the development of tolerance. Although these studies did not demonstrate any distinctive immunogenic features of gluten compared with other dietary proteins, it must be stressed that gluten proteins, because of their high content in proline, are not easily digested by intestinal and brush border enzymes, resulting in the release in the duodenal lumen of large immunogenic peptides that may promote immune responses in genetically predisposed individuals. 7 
Lessons from gluten-induced intestinal immune responses in immunodeficient mice
Over the past 20 years, human studies have highlighted the central role of gluten-specific intestinal CD4 þ T cells in CD pathogenesis (reviewed in refs. 8 and 9). Henceforth, Freitag et al. 10, 11 developed a model of gluten-induced small intestinal enteropathy adapted from the transfer model of colitis in immunodeficient mice ( Table 1 ). C57BL/6 mice were immunized twice with gliadin (or as a control with ovalbumin) in complete Freund's adjuvant to activate gluten-specific CD4 þ T cells. Spleen memory CD4 þ CD45RB low CD25 À T cells deprived of regulatory T cells were then sorted and intraperitoneally injected into T and B cell-deficient RAG1
À / À or into T cell-deficient nude mice, and recipients were fed with gluten-rich or gluten-free diet for 8.5 weeks 10,11 ( Table 1) . Injection of gluten-sensitized T cells into gluten-fed nude mice induced serum anti-gliadin IgG and IgA antibodies, but no significant enteropathy. 10 In contrast, RAG1 À / À recipients injected with gluten-sensitized CD4 þ T cells developed duodenal epithelial lesions. 10, 11 In mice fed on gluten-free diet, lesions remained mild and subsided after oral treatment with antibiotics, in agreement with the known role of the microbiota in this model. 11 Epithelial lesions were however considerably aggravated by a gluten-containing diet that induced significant weight loss and severe duodenitis with enhanced levels of IFNg and interleukin (IL)-17 duodenal transcripts. 10, 11 The authors therefore concluded that CD4 þ T-cell immunity against gluten could, in combination with signals from the microbiota, trigger a severe enteropathy in lymphopenic mice. 10, 11 This study raises several questions. First, what is the mechanism of epithelial damage? Is it only dependent on CD4 þ T cells? In CD, epithelial damage is likely mediated by cytotoxic CD8 þ T-IELs (see below). RAG1
À / À mice are deficient in CD8 þ T-IELs but they possess substantial numbers of intraepithelial innate-like cells, some of which display cytotoxicity and could perhaps participate in tissue damage. 12 Second, what is the role of FoxP3 þ regulatory T cells (Tregs)? Tregs are present in normal or even increased numbers in CD mucosa. [13] [14] [15] Tregs can prevent the development of inflammation in the original transfer model of colitis. 16 It would thus be interesting to compare the enteropathy in mice injected with sensitized T cells not depleted in CD25 þ Tregs. Third, why an enteropathy developed in Rag1 À / À mice but not in nude mice injected with gliadin-sensitized T cells? In contrast with Rag1
À / À mice, nude mice developed a strong serum antigliadin IgG and IgA response 10 ( Table 1) . Intestinal secretory IgAs (SIgAs) were not studied but their release might have prevented gluten absorption, and subsequent T-cell activation and enteropathy. This hypothesis is supported by studies showing that in humans, but not in mice, SIgA can play a Trojan horse role and facilitate intestinal permeability to gluten (see below).
Lessons from studies in humanized HLA-DQ2.5/8 transgenic mice
Studies initiated over 20 years ago have shown that two MHC class II molecules, HLA-DQ2.5 and HLA-DQ8, are present in 90% and 10% of patients, respectively, and confer the main genetic risk factor (reviewed in refs. 8 and 9). The two molecules were shown to have peptide pockets that can selectively accommodate prolineand glutamine-rich gluten peptides. HLA-DQ2.5 and HLA-DQ8 can thereby facilitate the activation of gluten-specific CD4 þ T cells. 8, 9 Following the success of a humanized rat model to demonstrate the instrumental role of HLA-B27 in driving arthritis and gut inflammation, 17 humanized mice were produced to confirm the role of human leukocyte antigen (HLA) class II genes in inflammatory pathologies and notably in CD.
Transgenic mice harboring HLA-DQ8 a and b genes and, as a control HLA-DQ6 a and b genes, were obtained by David
Box 1 Gluten
Gluten is defined as the cohesive and elastic mass left after washing wheat dough with water. Gluten is made of over a 100 distinct proteins comprising gliadin monomers (separated on the basis of their amino acid sequences into a/b, g, or c-gliadins) and polymers of glutenins of low or high molecular weights soluble in water alcohol solutions. 72 Gliadins and glutenins are enriched in proline and glutamine residues and therefore often called prolamines. They form a viscoelastic network that enwraps starch granules and carbonic gas released by fermentation and confer wheat its unique aptitude for bread making. All gluten proteins can be toxic for CD patients but epitopes more often recognized by Tcells from either HLA-DQ2.5 or HLA-DQ8 individuals have been described. 73 Related proteins rich in proline and glutamine present in rye and barley are also ''toxic'' for patients. This ''toxicity'' is ascribed to their content in T-cell epitopes that can activate patients' T cells. Besides gluten proteins that drive the pathogenic adaptive T-cell response in CD, wheat may contain other proteins, such as lectins or a-amylase trypsin inhibitors that were suggested to stimulate inflammatory innate responses 74 but their exact role in CD pathogenesis remains unclear.
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MucosalImmunology | VOLUME 8 NUMBER 1 | JANUARY 2015 et al. 18, 19 In order to avoid any competition between the human DQ and the endogenous MHC class II molecules, the human genes were introduced in H2-Ab1 C57BL/6 mice (Ab1) that cannot express endogenous mouse MHC class II and have almost no CD4 þ T cells (3-7% in spleen). 20 HLA-DQ molecules were observed on 15-30% of peripheral mouse mononuclear cells. Of the T cells, 10-13% were CD4
þ and displayed a diverse T-cell repertoire, indicating that CD4 þ T-cell selection was partially restored by the human DQ transgenes (reviewed in ref. 19 ). When immunized with heterologous collagen II, DQ8.Ab1 mice developed a much more severe arthritis than DQ6 DQ6.Ab1 mice. 18, 19 This result was in accordance with the notion that DQ8 but not DQ6 predisposes to rheumatoid arthritis and supported the view that DQ8.Ab1 mice might be a pertinent model for in vivo analysis of DQ8-restricted human CD4 þ T cell responses. DQ8.Ab1 mice were therefore used by Murray and colleagues 21 to analyze CD4 þ T-cell responses to gluten. To further facilitate the generation of DQ-restricted CD4 þ T cells, the latter mice were crossed with mice harboring a human CD4 transgene but lacking the mouse endogenous CD4 gene 21, 22 ( Table 1) . HCD4/ DQ8 mice immunized in the footpad with crude gluten and complete Freund's adjuvant developed much stronger proliferative T-cell responses in the draining lymph nodes than hCD4/DQ6 mice. Proliferation was inhibited by a DQ antibody and could be demonstrated for a spectrum of gluten peptides, including gliadin peptide 206-217, an immunodominant peptide in HLA-DQ8 celiac patients 21, 23 (see Box 1). Importantly, the T-cell response in HCD4/DQ8 mice was stronger against a modified peptide 206-217, in which glutamine residues 208 and 216 were replaced by glutamic acid to mimic its post-translational modification by transglutaminase 2 (TG2). 21, 24 Indeed, TG2, the target of CD-specific IgA autoantibodies, can catalyze the deamidation of gluten peptides, and thereby create negative charges that enhance their binding to HLA-DQ2 or-DQ8 (reviewed in ref. 8) . Overall, these data confirmed that HLA-DQ8 promotes gluten recognition and that, in vivo, as already observed in vitro, 23, 24 deamidation is not absolutely required for but enhances HLA-DQ8 gluten presentation to CD4 þ T cells. The role of DQ8 in the onset of a pathogenic intestinal CD4 þ T-cell response to gluten was next tested using a single gavage of gluten 7 days after subcutaneous immunization. On day 14, hCD4/DQ8 mice developed much higher titers of anti-gliadin IgG than hCD4/DQ6 mice, but they displayed neither IgA against gluten and TG2 nor intestinal pathology (Table 1) . Interestingly, intestinal and spleen cells in vitro restimulated with gluten produced IFNg, IL-2, and IL-6, as well as significant amounts of regulatory cytokines (IL-10 and transforming growth factor-b), and no or only small differences were found between hCD4/DQ8 and hCD4/DQ6 mice. 21 Therefore, even after systemic immunization, a short oral exposure to gluten was not sufficient to trigger a pathological gut immune response in hCD4/DQ8 mice ( Table 1) . This result, which contrasts with those obtained in immunodeficient mice (see above), led the authors to consider not only the duration of the diet but also the role of additional genetic or environmental factors that may impair immunoregulation.
As CD is strongly associated with type 1 diabetes 25 and shares genetic predisposing factors, including DQ8 and a large spectrum of genetic variants revealed by genome-wide scans, 26 HLA-DQ8.Ab1 mice were backcrossed on the autoimmuneprone NOD background, and intraperitoneally immunized with gluten and a distinct adjuvant, pertussis toxin 27 ( Table 1) . Neither intestinal lesions nor diabetes were observed but, strikingly, within 2 to 5 months on a gluten-containing diet, a substantial fraction of NOD Ab1DQ8 mice developed blistering cutaneous lesions reminiscent of dermatitis herpetiformis (DH), a gluten-induced cutaneous disease associated with CD 27 ( Table 1) . As in DH, blisters contained neutrophils and monocytes, were associated with perilesional dermal IgA deposits, and disappeared after 3 weeks of gluten-free diet or even faster if the diet was associated with topical application of steroids. In this model and as suspected in DH, chronic activation of DQ8-restricted CD4 þ T cells by dietary gluten might stimulate the production of IgA able to deposit in dermis and to attract elastase-secreting neutrophils that trigger blistering. Yet, and in contrast with DH, mice displayed only serum IgG against gliadin, and no IgA against either TG2 or its epidermal homolog TG3, the suspected autoantigen in DH, 28 could be detected ( Table 1) . A different outcome was observed by Verdu and colleagues, 29 who used the same NOD Ab1DQ8 mice but a different protocol of immunization ( Table 1) . In this second study, mice were gavaged once a week for 3 weeks with pepsin-trypsin digests of gliadin and cholera toxin, a strong adjuvant of gut immune responses that also enhances intestinal permeability ( Table 1) . Mice did not develop cutaneous lesions but displayed increased numbers of IELs, increased epithelial conductance (reflecting increasing permeability to ions), and a mild enteropathy with elongated crypts that was not observed in control mice immunized with bovine serum albumin 29 ( Table 1) . Out of 11 gliadin-sensitized mice, 3 also had moderately increased levels of serum anti-TG2 IgA ( Table 1) .
Partial depletion of CD25
þ Tregs before oral immunization did not aggravate intestinal lesions but resulted in insulitis, although without overt diabetes 29 ( Table 1) . Overall, these data show that recognition of gluten by HLA-DQ8-restricted CD4 þ T cells is not sufficient to trigger gluten-associated pathology, but that additional genetic and/or environmental factors that influence the nature and site of the immune response are involved. The onset of insulitis upon oral exposure to gluten has been reported in other animal models of type 1 diabetes 30, 31 and is in line with the clinical association between diabetes and CD. Of note, both duodenum and pancreas are drained into duodenopancreatic lymph nodes in which sensitization against dietary proteins might take place. 32 Moreover, pancreatic and intestinal capillaries express MadCAM (mucosal addressin cell adhesion molecule-1) and can both recruit lymphocytes primed in gut-associated lymphoid tissue. 33, 34 It is however unclear whether insulitis may be promoted by gliadin-sensitized T cells. Recent work rather suggests that gluten may influence the composition of microbiota and as a consequence the expansion of Tregs. 31 If HLA-DQ8 is the main MHC class II haplotype predisposing to type 1 diabetes, it is only present in 10% of CD patients, with 90% of the patients rather expressing HLADQ2.5. 8, 9 The role of HLA-DQ2.5 was therefore also addressed in humanized transgenic models. Mice that expressed a large 320-kb region of the HLA-DR3-DQ2.5 MHC and human CD4 but lacked mouse class II molecules were generated by McCluskey and colleagues 35 ( Table 1) . In hCD4.DR3-DQ2.Ab1 mice, the HLA transgenes were detected on dendritic cells, B cells, and on a fraction of macrophages, whereas 18% of splenic lymphocytes displayed the human CD4 molecule and diverse T-cell receptor-b (TCRb) chains. 35 In humans, efficient HLA-DQ2.5 presentation of gliadin peptides to CD4
þ T cells requires their deamidation by TG2. 8 Accordingly, T cells from hCD4.DR3-DQ2.Ab1 mice immunized with a deamidated version of a DQ2-restricted a-gliadin peptide (57-73 Q65E) specifically responded to in vitro recall with the same peptide, whereas the non-deamidated peptide triggered only a very weak T-cell response. 35 Disappointingly however, feeding hCD4.DR3-DQ2.Ab1 mice with a glutencontaining diet failed to induce any intestinal pathology ( Table 1) . Several immunization protocols were used to sensitize mice before gluten feeding. Subcutaneous immunization in complete Freund's adjuvant had no effect ( Table 1) . Only 2 of 14 transgenic mice immunized intraperitoneally with gluten and pertussis toxin developed serum IgA against TG2, one of which also had increased numbers of IELs and elongated crypts but normal villi. Crossing hCD4.DR3-DQ2.Ab1 mice on a NOD background did not accentuate the gluten-induced phenotype. Moreover, infecting mice with Salmonella typhimurium to cause tissue damage and to putatively activate TG2 did not enhance the severity or incidence of TG2 antibodies or of enteropathy. 35 In order to further increase the number of gluten-specific T cells, the authors generated mice that also expressed a gliadin-specific TCR ( Table 1) . HCD4.DR3-DQ2.Ab1 mice were immunized with a-gliadin 57-73 Q65E and their T cells were used to derive specific hybridomas. 35 The a and b TCR genes of one hybridoma specific of 57-73 Q65E were used to produce a hCD4.DR3-DQ2.Ab1 mouse line with a transgenic gliadinspecific TCR. In the latter mice, 97% of peripheral CD4 þ T cells expressed the transgene-encoded TCR, demonstrating their efficient intrathymic selection. These T cells proliferated in response to a-gliadin 57-73 either in vitro or in vivo after transfer into immunized hCD4.DR3-DQ2.Ab1 mice. Significant proliferation of transferred T cells was also observed in Peyer's patches and mesenteric lymph nodes (mLNs) of mice gavaged with the 57-73 Q65E peptide for 3 days. Moreover, CD4 þ T cells of transgenic mice displayed a TH1 profile upon in vitro restimulation with 57-73 Q65E. 35 Despite such convincing evidence that gliadin-specific CD4 þ T cells were functional and activated in vivo even after mucosal delivery of the immunogenic peptide, none of those mice developed TG2-specific IgA antibodies or discernible signs of intestinal pathology after gluten gavage, even if coadministered with pertussis toxin or coinfected with S. typhimurium 35 (Table 1) . Overall, these data support the view that gliadin-specific CD4 þ T cells are not sufficient to induce the development of CD. It is possible that, because of the lack of activation of TG2 at steady state, only a small number of the latter cells might have been activated. Yet, the frequency of gliadin-specific CD4 þ T cells in the intestine of untreated CD patients, estimated by limiting dilutions or using HLA-DQ2.5 tetramers, is between 0.2 and 2%, 36 and thus largely below the frequency of such cells in the mouse model. A more likely hypothesis is that tolerance to gluten develops in gluten-fed humanized mice as it does in wild-type mice (see above).
This hypothesis is supported by results obtained by Samson and co-workers 37 ( Table 1) . These authors used a distinct HLA-DQ2.5 model transgenic mice in which the MHC transgene was a smaller 68 kb fragment encompassing DQA*0501 and DQB1*0201 genes including promoters and regulatory elements, 37 whereas the transgenic TCR was made of the variable domains of the a and b chains of a human g1-gliadinspecific T-cell clone combined with constant regions and regulatory elements of mouse origin. 38 As in the first model, spleen cells from HLA-DQ2.gliadin-TCR.Ab1 double transgenic mice contained a substantial number of CD4 þ transgenic cells that responded to deamidated but not to native gliadin and produced a spectrum of either proinflammatory (IL-2, IFNg, IL-17, IL-21, and IL-4) or regulatory (IL-10) cytokines 37 ( Table 1) . Interestingly, when transgenic T cells from HLA-DQ2.gliadin-TCR.Ab1 mice were transferred into HLA-DQ2.5.Ab1 mice gavaged with deamidated gliadin, they underwent strong proliferation in spleen, but strikingly, the proliferating cells displayed regulatory function (Table 1) . Indeed, an additional transfer of these isolated cells suppressed skin hypersensitivity induced in HLA-DQ2.gliadin-TCR.Ab1 double transgenic mice by systemic immunization and subcutaneous challenge with TG2-treated gliadin. As the regulatory TCR transgenic T cells did not express FoxP3 (forkhead box P3) but produced large amounts of IL-10, they were considered type 1 Tregs. 37 The lack of induction of Foxp3 þ Tregs and the preferential localization of the proliferating Tregs in spleen but not in mLN was surprising given previous observations in mice fed with ovalbumin (OVA), a model in which oral tolerance depends on the induction of Foxp3 þ Tregs in mLN. 37, 39 Nevertheless, distinct mechanisms might be involved in the establishment of tolerance to dietary proteins.
In conclusion, analysis of humanized mouse models confirms that HLA-DQ2.5 as well as HLA-DQ8 molecules facilitate the in vivo CD4 þ T-cell responses against deamidated gluten peptides. Yet, the quantitative increase in gliadinspecific CD4 þ T cells is not sufficient to switch off tolerance induced by oral gluten. Additional mechanisms are necessary to break tolerance, stimulate the expansion and activation of cytotoxic CD8
þ IELs, and ultimately induce intestinal tissue damage and pathology. 41, 42 ) and IL-15Ra 43 are upregulated in the intestinal epithelium and lamina propria of CD patients, and several studies in human CD have highlighted the role of IL-15 in the expansion, cytotoxic activation, and also malignant transformation of IELs. 41 49 ( Table 1) . The latter observation provides a rationale for the increased risk of CD patients to develop IEL-derived lymphomas that, for many years, remain dependent on IL-15. 42, 46 In this first model, IL-15 was produced in lamina propria but not in epithelium and no increase in numbers of intestinal CD8 þ T cells or IELs was reported. 50 In a second model, an IL-15 transgene of human origin was placed under the control of the enterocyte-specific promoter T3b (hIL15Tge mice) 51 ( Table 1) . Homozygous hIL-15Tge mice died rapidly after birth likely from leukemias, but heterozygous mice developed a slowly progressing expansion of intestinal CD8 þ TCRab T cells and, after several months, a chronic severe enteropathy partially mimicking the pathology was observed in CD 51 ( Table 1) . In hIL-15Tge mice, intestinal CD8 þ T cells produced increased amounts of IFNg and tumor necrosis factor-a; a small fraction upregulated NK receptors (NK1.1 and NKG2D). 51, 52 Progression toward enteropathy was also associated with the accumulation of granzyme B þ CD8 þ T cells. 52 Moreover, hIL-15Tge mice displayed increased numbers of lamina propria plasma cells and serum IgA against TG2 53 ( Table 1) . In contrast with CD, in which CD8 þ T cells expand mainly in epithelium, CD8
þ T cells expanded also in lamina propria because of diffusion of the secreted transgenic IL-15. Treatment of hIL-15Tge mice with antibodies blocking IL-15 or the b chain of its receptor or with a drug inhibiting Janus kinase 3, a key molecule in the anti-apoptotic signaling cascade triggered by IL-15, abolished the CD8 infiltration and allowed epithelial recovery. 46, 54, 55 These results provide a rationale for the use of drugs blocking IL-15 in the rare but severe cases of CD that become refractory to gluten-free diet, notably when resistance is characterized by the development of an IL-15-dependent intraepithelial lymphoma (reviewed in ref. 56 ). These results also highlight the capacity of intestinal cytotoxic CD8
þ T cells to induce tissue damage. Yet, they do not explain the indispensable role of CD4 þ T cells specific for gluten in triggering CD. The interactions between IL-15 and intestinal CD4 þ T cells were examined in two other models.
Models combining IL15-overexpression and activation of intestinal CD4 þ T cells by dietary antigens
In a first model, Jabri and colleagues 50 crossed humanized HLA-DQ8.Ab1 mice 20 with H2-D d -IL-15Tg ( Table 1) . HLA-DQ8.D d -IL-15Tg mice fed with gliadin every other day for 10 days did not develop any intestinal damage but displayed increased levels of serum anti-gliadin and anti-TG2 antibodies, increased frequency of IFNg-producing T cells in mLN and lamina propria, and increased IEL numbers compared with mice on control diet 50 ( Table 1) . These changes were suggested to mimic latent CD that can precede the onset of villous atrophy and overt CD (reviewed in ref. 9 ). The short exposure of mice to gluten as well as the lack of expression of IL-15 in the gut epithelium might explain why mice did not develop epithelial damage.
In order to investigate whether and how intestinal CD4 þ T cells and epithelium-derived IL-15 might cooperate to generate tissue damage, we designed yet another model. In humanized DQ2 mice, the generation of gluten-specific T cells is hampered by the low level of TG2 expression necessary for deamidation of dietary gluten peptides and their efficient presentation to T cells. To circumvent this problem, we used OTII mice, which possess CD4
þ T cells expressing a transgenic TCR specific for a peptide of OVA, recognized without post-translational modification. 57 OTII mice were crossed with hIL-15Tge mice that, in contrast to H2-D d -IL15Tg mice, overexpress IL-15 in the small intestinal epithelium 51, 52 ( Table 1) . The OTII þ / À B6 and OTII þ / À hIL-15Tge þ / À offspring were exposed to OVAcontaining or control diets 52 ( Table 1) . As hIL-15Tge þ / À mice develop a spontaneous enteropathy after 4-5 months, we decided to limit our analysis to the first 3 months of life ( Table 1) . Giving OVA diet for 1 month after weaning was not sufficient to induce weight loss and significant epithelial changes (E. Ramiro, unpublished results), suggesting that either exposure to the antigen was too short or tolerance mechanisms were difficult to break after weaning. Therefore, OVA diet was introduced in pregnant mothers 8 days before delivery, and pursued during weaning in mothers and after weaning in the offspring 52 ( Table 1) . OTII þ / À B6 control mice chronically exposed to OVA showed normal growth and intestinal architecture. Suggesting active tolerance, the frequency of OVA-specific FoxP3 was increased in the intestinal lamina propria, whereas OVA-specific effector CD4 þ T cells were depleted in and outside the gut. 52 These data support the notion that increasing the numbers of CD4 þ T cells specific for a dietary antigen is not sufficient to prevent the establishment of tolerance. 58 In contrast, a substantial fraction of OTII þ / À hIL15Tge þ mice exposed to OVA and notably almost all females developed growth retardation, villous atrophy. and a conspicuous expansion of granzyme B-expressing CD8 þ T cells in the duodenal mucosa 52 ( Table 1) . 52 In agreement with human data, 13, 14, 47, 48 we observed that, in the presence of IL-15, effector T cells, notably CD8 þ T cells, failed to respond to FoxP3 þ Tregs and did not restrain their production of IFNg or granzyme B (Figure 1) . Consistent with impaired control of effector T-cell responses by FoxP3 þ Tregs, hIL-15Tge þ / À mice displayed increased frequency of IFNg-secreting CD4 þ or CD8 þ cells in and outside the gut. However, this change was observed in all hIL-15Tge mice independently of the diet and was not always associated with intestinal lesions. In contrast and as observed in CD, intestinal damage correlated with an increase in granzyme B þ CD8 þ T cells and depended both on IL-15 and activation of specific CD4
þ T cells by a dietary antigen. 52 In CD, it remains unclear whether intestinal CD8 þ T cells can recognize gluten peptides (reviewed in ref.
þ mice exposed to OVA and developing intestinal damage showed no specificity for OVA. 52 We therefore examined how OVA-specific CD4 þ T cells might promote the generation of noncognate cytotoxic T cells in hIL-15Tge mice. We observed that, in the presence of IL-15, OVA-specific CD4 þ T cells stimulated by their specific peptide provided help to noncognate effector/memory CD8 þ T cells, resulting in their proliferation and upregulation of granzyme B and NKG2D (Figure 1) . Moreover, CD4
þ T-cell help depended exclusively on a soluble factor and could be recapitulated in vitro as well as in vivo by IL-2 ( Figure 1) . Injection of IL-2 into hIL-15Tge mice (but not in B6 mice) resulted in expansion of granzyme B þ intestinal CD8
þ T cells and in reduction of the villus/crypt ratio. Importantly, only effector/memory but not naive CD8 þ T cells responded to the complementary signals provided by IL-15 and OVA-specific CD4 þ T cells. 52 We suggest that such cooperation takes place in the intestinal mucosa of CD patients between gluten-specific DQ-restricted CD4 þ T cells, epithelium-derived IL-15, and CD8 þ T-IELs that might then progressively expand and acquire granzyme B whatever their specificity (Figure 1) . Accumulation of cytotoxic IEL might then be sustained by the anti-apoptotic signals delivered by IL-15 ( Figure 1) . In human CD, gluten-specific CD4 þ T cells might also synergize with IL-15 via their production of IL-21, a cytokine not detected in the mouse model. [59] [60] [61] Yet, if the cytotoxic CD8
þ T cells that expand in CD are not specific for the dietary gluten, what are the mechanism(s) that trigger IEL degranulation and tissue damage? TCR triggering by cognate antigens of microbial or of self-origin is possible. As previously suggested by ex vivo studies in human CD, 44, 45, 62 degranulation might also be triggered via NK receptors and notably via NKG2D constitutively expressed by human CD8 þ T cells. This receptor can interact with its ligand MICA upregulated in the epithelium of CD patients. 44 Rae-1, the mouse homolog of MICA, 63 is expressed in the intestine of both control and hIL15Tge mice. 52 ,55 Yet, NKG2D is not constitutively expressed by mouse CD8 þ T cells and was only moderately upregulated on intestinal CD8
þ T cells of OTII þ / À hIL-15Tge þ / À mice exposed to OVA. 52 The difference in NKG2D expression between humans and mice may explain the increased resistance of mice to the induction of tissue damage by dietary antigens. Conversely, the noncognate help provided by CD4 þ T cells may not only activate effector/memory CD8 þ T cells but also NKG2D
þ NK cells or NK-like innate lymphoid cells. Such cells are numerous in Rag À / À mice and may contribute to the epithelial lesions induced by the transfer of gluten-specific CD4 þ T cells. 10, 11 Noncognate help might also foster the activation of malignant IELs that arise in a subset of patients with refractory CD (reviewed in ref. 56) . Indeed, these cells lack surface TCRs but contain granzyme B, express a large spectrum of NK receptors, and are highly sensitive to signals from IL-15. 56 In keeping with this hypothesis, a gluten-free diet is indispensable even if not sufficient to improve symptoms in these patients. In summary, these data support the hypothesis that cooperation between gluten-specific DQ-restricted CD4 þ T cells and IL-15 is sufficient to orchestrate the activation of noncognate CD8
þ T cells and tissue damage in the intestine of CD patients (Figure 1 ). Whether such cooperation might participate in the onset of CD-associated autoimmune diseases such as type 1 diabetes or thyroiditis is an interesting possibility but remains to be investigated. The mechanism(s) that stimulate(s) the excessive production of IL-15 by epithelial cells and of the a chain of its receptor in CD also remain(s) to be deciphered.
Models investigating the role of SIgA in the permeability to dietary antigen
The results described above highlight the remarkable resistance of mice to the induction of a celiac-like enteropathy. Interestingly, in the DQ8 model, a mild enteropathy was induced when mice were fed with gluten in the presence of cholera toxin that enhances intestinal permeability. 29 It is also noticeable that feeding gluten triggered an enteropathy in Rag À / À but not in nude mice transferred with gluten-specific T cells. 10 T cell-transferred nude mice differ from Rag À / À mice by their capacity to generate IgA against gluten. 10 Human CD is associated with a strong anti-gliadin IgA response in the serum 64 and in the intestinal lumen. 65 Yet, it is interesting that patients with selective IgA deficiency are more susceptible to CD. 66 Moreover, we have shown that, in active CD, gliadinspecific SIgA1 lose their protective barrier function and rather behave as a Trojan horse because of their interactions with the CD71 receptor abnormally expressed at the apical enterocyte surface. 65, 67 Through their binding to CD71, SIgA1 complexed with gluten peptides are rapidly transported from the apical to the basal membrane via the recycling pathway, and immunostimulatory gluten peptides can be delivered into lamina propria. 67 Mouse polymeric mouse IgA, in contrast to human SIgA1, does not bind CD71 and therefore cannot lose its protective role against inadvertent absorption of dietary antigens. In order to test the importance of this mechanism in promoting the transport of intact antigen and in activating mucosal CD4 þ T-cell responses, we designed a mouse model in which human IgA1s, which can bind to the mouse CD71 receptor, were provided by a hybridoma 68 ( Table 1) . Hybridoma cells secreting OVA-specific monoclonal chimeric hzIgA1 (made of human a1 heavy and of murine light chains) were grafted on the mouse back ( Table 1) . After 2 weeks, OVAspecific ShzIgA1s were detected in the intestinal lumen. Ectopic expression of CD71 was then induced at the apex of duodenal Figure 2 Multiple factors to combine for a mouse model of celiac-like enteropathy. No mouse model of celiac disease is yet available. The key putative factors predisposing to celiac disease (CD) that have been tested in rodent models are indicated in this scheme. Their combination is likely necessary to recapitulate CD but may be difficult to achieve. Better understanding of the mechanisms that control interleukin-15 (IL-15) upregulation and activation of transglutaminase 2 (TG2) is a necessary step. Whether CD71-SIgA interactions are important for epithelial dysfunction in CD also needs to be established. HLA, human leukocyte antigen; IgA, immunoglobulin A; SIgA, secretory IgA.
enterocytes by intraperitoneal administration of tyrphostin A8, a drug known to enhance CD71-mediated apical-to-basal transcytosis of insulin-transferrin complexes 69, 70 (Table 1) . Increased transepithelial transport of intact OVA, but not of an irrelevant dietary antigen, could be demonstrated ex vivo using Ussing chambers. 68 OVA-secreting hybridoma cells were next grafted onto transgenic Balb/c mice with OVA-specific transgenic CD4
þ T cells. Mice were treated with tyrphostin A8 on days 13 and 14 and gavaged with OVA on days 14, 15, and 16 ( Table 1) . On day 20, a significant increase in the proportion of activated CD69 þ OVA-specific CD4 þ T cells was observed in the mLNs of OVA-gavaged mice treated with tyrphostin A8. Moreover, mLN T cells secreted significantly more IFNg in response to OVA than T cells from control mice bearing an irrelevant hybridoma 68 ( Table 1) . Altogether, these results support the hypothesis that SIgA-mediated transport of immunogenic gluten peptides may be one important step in the cascade of event that triggers a pathogenic immune response in CD. Recent evidence that binding of polymeric IgA to CD71 can trigger a signaling cascade and the production of inflammatory cytokines further sustains this hypothesis. 71 
CONCLUSION
Overall, the multiple attempts to develop a mouse model of CD have highlighted the robustness of the mechanisms that lead to and maintain tolerance to food antigens. These studies indicate that a quantitative increase in the frequency of gluten-specific CD4 þ T cells, as expected in individuals harboring at risk HLA-DQ molecules, is unlikely to be sufficient to trigger CD enteropathy, even if amplified upon activation of TG2 ( Figure 2) . Additional mechanisms are necessary to break the tolerance and to induce tissue damage (Figure 2 ). Among these mechanisms, IL-15 likely plays a central role (Figure 2 ). By cooperating with gluten-specific CD4 þ T cells and inhibiting immunoregulatory mechanisms, IL-15 can license the activation of noncognate cytotoxic effector lymphocytes. Prolonged exposure to dietary gluten seems however necessary to sustain the activation of CD4 þ T cells and to promote, in the presence of IL-15, sufficient accumulation of cytotoxic IEL to trigger tissue damage (Figure 2) . In mouse models, anti-gliadin SIgA might exert a barrier effect protecting against pathologic sensitization by dietary gluten except at a very young age when the rodent intestinal barrier is highly permeable. In contrast, in humans, binding of SIgA1 to CD71 can circumvent the barrier effect of SIgA and promote mucosal entrance of immunogenic peptides ( Figure 2) . This effect, which depends on the upregulation of CD71, may occur at all ages notably as a consequence of reduced iron stocks. Altogether, these considerations underscore the wide spectrum of mechanisms that need to be combined to recapitulate human CD and explain the difficulties met to set up a pertinent model of CD that could be used to test innovative therapies (Figure 2) . A better understanding of the mechanism(s) that lead(s) to chronic upregulation of IL-15 and to TG2 activation might help in the future to more accurately recapitulate CD in humanized mouse models. Delineating the exact role of CD71-SIgA interactions will also be necessary.
